Time resolved magneto-optical Kerr measurements are carried out to study the precessional dynamics of ferromagnetic thin films with out-of-plane anisotropy. A combined analysis of parameters, such as coercive fields, magnetic anisotropy, and Gilbert damping ␣, is reported. Using a macrospin approximation and the Landau-Lifshitz-Gilbert equation, the effective anisotropy and ␣ are obtained. A large damping varying with the applied field as well as with the thickness of the ferromagnetic layer is reported. Simulations using a distribution in the effective anisotropy allow us to reproduce the field evolution of ␣. Moreover, its thickness dependence correlates with the spin pumping effect. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3093816͔
The magnetization dynamics of thin magnetic layers with perpendicular anisotropy is of great scientific and technological interest since they are potential candidates as high density magnetic media or in spintronics applications.
1-3 Recent developments in the field of spin transfer torque in magnetic nanostructures emphasized the necessity to understand and control the physical processes involved in the magnetization dynamics. Indeed, the threshold current for magnetic excitation in nano-oscilators, 4 ,5 the velocity of a magnetic domain wall, and the critical current required to trigger its motion 6 as well as the timescale for magnetization reversal in future magnetic random access memories, 7 depend on the magnetization relaxation and thus on the Gilbert damping ␣ as can be described by the Landau-Lifshitz-Gilbert ͑LLG͒ equation of motion. 8, 9 Magnetization dynamics of an ultrathin ferromagnetic ͑FM͒ layer sandwiched between two normal metal layers is also prone to interfacial effects such as the spin pumping effect. 10 Namely, the spin current generated by a precessing magnetization can be absorbed by the normal metal in contact with the FM layer, thus increasing the effective damping of the system. In this letter, we used time resolved magnetooptical Kerr measurements to study the magnetization dynamics of a thin perpendicularly magnetized Co 48 Fe 32 B 20 ͑CoFeB in the following͒ layer. The use of an amorphous FM layer such as CoFeB is motivated by the desire to decrease the amount of pinning centers for domain wall motion applications. Altogether, the presented results give a full description of the magnetic properties of the system. Modifying certain parameters such as the magnetic anisotropy or the damping in a controlled way is the key to get a better insight into the physics of current induced domain wall motion in perpendicularly magnetized layers.
The samples used in this study consist of a Pt ͑4 nm͒/ CoFeB ͑t nm͒ / Pt ͑2 nm͒ trilayer grown at room temperature by dc magnetron sputtering onto a Si͑001͒ substrate with a native oxide. Both Pt layers induce a strong interfacial perpendicular magnetic anisotropy pulling the CoFeB magnetization out of the film plane for a certain thickness range. The magnetization dynamics was studied by polar time resolved magneto-optical Kerr effect ͑TRMOKE͒ measurements. A pulsed laser with a wavelength of 790 nm and a pulse width of 70 fs with a repetition rate of 80 MHz is used. The pump and the probe laser are focused down to the same ϳ10 m spot at almost perpendicular incidence. In this configuration, the measured Kerr rotation is proportional to the out-of-plane component of the magnetization. A variable magnetic field is applied at an angle of ␤ Ϸ 15°from the plane resulting in a canting of the magnetization away from the out-of-plane anisotropy axis, as defined in Fig. 1͑a͒ . The angle ␤ is restricted around Ϸ15°due to space constraints. Figure 1͑b͒ shows typical hysteresis loops for CoFeB layers with thickness varying from 0.45 to 0.65 nm with the magnetic applied field perpendicular to the film plane. In this range, the coercive field increases from 2 to 3 mT while the hysteresis loops are slightly slanted but with a 100% remanence, which is a first proof of the high out-of-plane anisotropy of our samples. Figure 2͑a͒ shows TRMOKE measurements obtained for a CoFeB thickness of 0.55 nm. The temporal scale is broken between 2 and 10 ps giving a clearer representation of the different temporal regimes occurring after excitation of the magnetization by a laser pulse. 11 During the first ϳ150 fs, the laser pulse creates a thermal excitation leading to a reduction in the magnetization of approximately 7% as well as a modification of the effective anisotropy. Then, a rather quick recovery of the magnetization is observed due to the balancing of electron and phonon energies with a time con- stant of ϳ500 fs, followed by a slower recovery of the magnetization due to heat diffusion into the sample. On a longer timescale after ϳ20 ps, a damped precession of the magnetization occurs following the change in the anisotropy induced during the laser excitation. After subtracting the demagnetization peak and the background shown as a dashed line in the bottom part of Fig. 2͑a͒ , oscillations in the Kerr rotation due to magnetization precession become more obvious ͓Fig. 2͑b͔͒. The data can then be analyzed using an exponentially damped sine,
where , t ␣ , and represent the oscillation frequency, the exponential decay time, and the phase, respectively. From a fit to the Kerr rotation spectra, we extracted the value of the frequency ͓Fig. 3͑a͒, top͔. For each thickness ͑not shown͒, a linear increase in the oscillation frequency is observed at high applied magnetic field. When the field is reduced a deviation from this linear behavior is seen which is mainly due to the geometrical configuration of our experimental setup ͓Fig. 1͑a͔͒. Using a macrospin approximation and solving the LLG equation, the following analytical expression for the oscillation frequency is deduced,
where H app , K eff , and M S are the applied magnetic field, the effective anisotropy, and the saturation magnetization, respectively. The nonlinearity in the evolution of the frequency with the applied field directly comes from the difference between the applied field direction represented by the angle ␤ and the equilibrium direction of the magnetization represented by the angle . This appears in Eq. ͑2͒ as the ratio between the sine of those two angles. The angle corresponding to the equilibrium position of the magnetization is calculated by minimizing the energy of the system.
Using the last two equations and a saturation magnetization M S = 1200 kA m −1 , the field evolution of the frequency was fitted and the effective perpendicular anisotropy extracted ͓Fig. 3͑b͒, top͔. Note that no change in M S evaluated from superconducting quantum interference device measurements was noticed for reduced CoFeB thicknesses within a 10% error margin ͑not shown͒. The perpendicular effective anisotropy K eff , first slightly increases with the thickness to reach a value of ϳ1.0ϫ 10 6 J / m 3 before decreasing for thicker layers. For this CoFeB composition, the transition between out-of-plane and in-plane happens for a thickness of 0.75 nm. When deriving the Gilbert damping parameter, care has to be taken since the expression depends on the geometry of the experiment. In our configuration ␣ is related to the damping time by
in contrast to systems with in-plane magnetization, in which a more complicated expression is obtained. 12 Based on Eq. ͑4͒, we estimated ␣ and its field dependence is plotted in Fig. 3͑a͒ . For each CoFeB thickness, a similar evolution of ␣ with the applied field is observed. In the high field regime ␣ tends to be at a constant value, while it continuously increases when the field is reduced. Similar results have been reported recently in the case of a Py thin film and the increase in ␣ was either ascribed to a distribution in the magnetic anisotropy 12 or to the excitation of multiple precessional modes. 13 In the case of very thin films, the magnetization dynamics is known to be sensitive to local variation in the magnetic properties. Recently, Choe and Shin 14 gave undeniable proofs that for Co based thin films, local variations in their magnetic properties display a distribution far from a Gaussian. Based on those results, we implemented a square distribution of the effective perpendicular anisotropy which modifies the effective field in the 
FIG. 3. ͑Color online͒ ͑a͒
Experimental and simulated static field dependence of the frequency ͑top͒ and of the Gilbert damping ␣ ͑bottom͒ for various CoFeB thicknesses. ͑b͒ Evolution of the effective perpendicular anisotropy ͑square͒ and of the anisotropy distribution used in the simulation ͑triangle͒ for each CoFeB thickness ͑top͒. Variation in the high field limit of the damping ␣ 0 ͑bottom͒ with the CoFeB thickness. The line corresponds to a fit in the data. [15] [16] [17] The distribution is centered around the value of the anisotropy obtained from the fit of the oscillation frequency.
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The calculated value of the oscillation frequency and the effective damping are plotted as full lines in Fig. 3͑a͒ . Regarding the effective Gilbert damping, a good agreement between the calculation and the measurements is generally obtained. A square distribution of the effective perpendicular anisotropy varying from 8.0% to 15.0% centered on K eff ͓Fig. 3͑b͔͒ is used to simulate the large increase in the damping in the low field regime for a CoFeB thickness between 0.5 and 0.65 nm. The distribution seems to correlate with K eff , the larger the effective anisotropy, the lower the distribution. In the case of 0.45 nm, it is not possible to reproduce the experimental data even with a distribution of 20%. For such a thin layer, the morphology of the film is not likely to be uniform resulting in dispersion in the thickness of the CoFeB layer. Hence, the high density of defects and inhomogeneities might increase the effective damping even further. Moreover, because of the high damping, too few oscillations are present in the Kerr rotation spectra to allow a good determination of the oscillation frequency and of the exponential decay time, resulting in a large error on the value of ␣.
From the simulated curve, we can extract the high field limit value of the damping ␣ 0 . Those values are similar to the one reported in the case of Pt/Co/Pt multilayers. 18, 22 The variation in ␣ 0 with the CoFeB thickness is plotted at the bottom of Fig. 3͑b͒ . A clear increase is observed when the CoFeB layer becomes thinner. The thickness dependence of ␣ 0 might involve different mechanisms based on spin wave scattering and spin current dissipation. In the first case, inhomogeneities in a magnetic thin film such as defects or grain boundaries can strongly enhance the scattering of the uniform precessional mode into shorter wavelength spin waves. The density of defects is likely to increase when the film thickness is reduced. As a consequence, dissipation of the energy is faster resulting in a higher effective Gilbert damping. However, the influence of magnon scattering on the damping is less operative when the magnetization is perpendicular to the film plane. 19 In the second case, the increase in ␣ 0 for thinner CoFeB can be attributed to the spin pumping effect which is the most relevant mechanism in this very thin thickness range. 10, 20, 21 The spin current generated by the precession of the magnetization which enters the Pt layers is completely absorbed because of the very low spin diffusion length of Pt. The dissipation of spin angular momentum in the Pt layer leads to an effective increase in the measured damping inversely proportional to the CoFeB thickness, as shown in Fig. 3͑b͒ . Hence, by only varying the CoFeB thickness, we can control the effective damping and therefore study its influence on current and field induced domain wall motion. However, a quantitative analysis of the spin pumping effect in those samples and its probable influence on the spin transfer effect would require a more detailed study.
In conclusion, we have studied the magnetization dynamics of perpendicularly magnetized Pt/CoFeB/Pt multilayers using time resolved magneto-optical Kerr effect measurements. From the damped precession of the magnetization, we obtained the effective perpendicular anisotropy and the Gilbert damping parameter. The large increase in ␣ when the applied field is reduced can be explained by a distribution of the perpendicular anisotropy. Moreover, when the CoFeB layer thickness is reduced, an increase in the Gilbert damping is reported which is attributed to the spin pumping effect. Both the anisotropy distribution and the spin pumping effect, leading to a dissipation of the angular momentum, are crucial parameters to control the perspective of using perpendicularly magnetized layers in domain wall motion based applications. Finally, our approach provides a way to obtain information on the anisotropy distribution in patterned media of which knowledge is a prerequisite for their use as recording media.
